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* Mils obtaifltd 3 months aftsr birth displaysd a 
fiogsr printinfl patttm idcfiHesI to that of DNA from ths 
human donor of tha HSC graft. Thasa studias tn<ficat* that 
tint trimasttr shaap fstusaa ara tolarant of adult htiman HSC 
grafts, thus pamitting tha craatton of xanoganaic cMmara 
axprass(ng human myaloid and lymphoid Hnaagaa. Tha 
prasant findings also suggast that HSC grafts from imnmino- 
logicaity coinpatant HLA-mismatchad adult donors may ba 
usaful for corracting human genatic disaases in utaro during 
aarly gastatlon. 
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Sustained Human Hematop iesis in Sheep Transplanted In Utero During Early 
Gestati n With Fracti nated Adult Human Bone Marrow Cells 

By Edward F. Srour, Esmail D. Zanjanl, John E. Brandt, Tom Leemhuis, Robert A. Briddell, 
Nyla A. Heersfna, and Ronald Hoffman 

Maap wars transplantod In utaro during aarly gastatien with 
subpopuladons of adult liuman bona marrow (BM) coHa 
anridiad for human proganitor and hamatopoiatlc stam caila 
(HSC). Chimarism was documantad In thraa of savan trans- 
plantad fatusas using monodonal antibodi as against human- 
apacfflc hamatopoiatlc caO inaagos and / or cytoganatic anal- 
ysis of 8M and pariphwral Wood calls of radpiants. Only 
cMmarte shaap BM calls axprasaing CD46 («.0% of total BM 
calls) formad human haiTMtopoiotic eolonias In rosponsa to 
human racombinant cytokJnaa as datorminad by cytoganatic 
analysis. Sortad CD45^ BM calls davalopad human T-cafl 
colonlas centainkig COS*, CD4*. and COB* calls. DNA from 

THE FETUS REPRESENTS the ideal host for hemato- 
poietic stem cell (HSC) transplanUtioa because of its 
ontologic readiness and its tolerance of forctgn grafts. 
AJtematively, to achieve successful fetal engraftment with 
HSC, the graft should be devoid of immunotogic elements 
capable of provoking graft-versus-host disease (GVHD). 
Fetal liver cells, which at an early gestatiooal age arc 
iizununologically "naive/' have been successfully used to 
establish hematopoietic chimeras after in utero allogeoeic 
tras^lantation of preimmune redpients.*^ In this report, 
we ^raluated the suitability of subpopulations of adult 
human marrow as grafts for in utero tran^anlatioti. Fetal 
sheep (gestation period, 14S days), like many mammals, 
iiKluding humans,' have been shown to be preinunune 
during the first trimester* and therefore offer a 50-day 
window during which the usual immunologic barriers to 
marrow transplantatioa might not be operable. Human in 
utero HSC transplants could be theoretically used to 
reverse or correct a number of congenital diseases. Such an 
intervention could be successful, especially if it is per- 
formed while the fetus is still preimmune and if the bone 
marrow (BM) graft lacks immunologicalty competent cells 
that may cause GVHD. 

Our laboratory^' and that of others* has been examining 
the self-renewal and differentiative capacities of a small 
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fraction of adult human BM consisting of cells expressing 
CD34 and undetectable or low levels of the class 11 major 
hislocompatibiliiy complex antigen HLA-DR (CD34* HLA- 
DR" cells). CD34* HLA-DR" celts have been f und to 
contain the colony-forming unit-Wast (CFU-Bl), which is a 
primitive cell capable of self-renewal and differentiation 
into multiple hematopoietic lineages,* the burst-forming 
unit-megakaryocyte (BFU-MK), which is a primitive 
megakaryocyte progenitor cell.* as well as the high prolifer- 
ative potenliai-colony-fonningcell (HPP-CFC). a primithre 
myeloid progenitor cell.' In addition, CD34* HIA-DR" 
cells have been shown to be capable of initiating and 
sustaining long-term in vitro human hematopoiesis,"' indi- 
cating that the human HSC or a cell that possesses marty 
functional characteristics of the human HSC is likely 
present among the CD34* HLA-DR" BM cells. 

It was reasoned that if subpopulations of human BM cells 
that actually contained primitive pluripotenttal HSC w re 
used as marrow grafts, immunologic tolerance to sheep 
self-aniigcns might be induced in progeny cells if th se 
human cells were given a chance to differentiate and 
mature in a "non-self permissive environment. We report 
here that transplantation of fractionated adult human BM 
cells enriched for hematopoietic progenitor and stem cells 
into seven immunologically immature sheep fetuses re- 
sulted in the creation of three hematopoietic xenog nic 
chimeras, as evidenced by the analysis of BM cells from two 
fetuses killed in utero and from one animal after birth. 
Chimerism was sustained 3 months after birth (6 months 
after engraftment) without any signs of GVHD. 

MATERIALS AND METHODS ' 
CM separation. Human BM was obtained from an adult healthy 
male donor after obtaining informed consent acoordinK to gvidc- 
Nnes esubtishcd by the Human Imfcstigatioo Committee of the 
Indiana University School of Medicine. Low-den«ity BM celb 
Kparated over Ficoll/Hyp«(|uc were suspended in phosphate- 
buffered saline (PBS)-EDTA (PBS. pH 7.4. containing 5% fetal 
calf serum, 0.01% EDTA wt/vol, and 1.0 g/L D-glucDse) and 
loaded into i standard diamber of an elutiiator system (Beckman 
Instruments. Inc. Palo Alto. CA) previously sterilized with 70% 
ethanol.* Effluent samples ehjting it 11. 12. 14. I6i, 18. 20. and 22 
mL/min were collected. Fractions ehiting at 12 and 14 mL/min (Fr 
12-14) were pooled and used for subsequent steps. 
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ADULT HUMAN BONE MARROW GRAFTS IN FETAL SHEEP 

Immunafiuonscmc* staining and off sotting. Fr 12-14 BM cells 
were first stained with CD34 (HPCA-I, IgG, isotype) over ice for 
20 minutes. Phycocrythrin (PE><oojugited HLA-DR and isotype- 
specific. fluorescein isothtocyaoste (FTTQ-coiijugated |o«t- 
antiiiiouse IgG, lecond step uhliody (Southern Biotechnolosr, 
Birmingfaam. AL) were tbea added for aacttier 20 miBules. The 
cells were then wa<bed and sorted oa a Coulter Epks 753 flow 
cyiomeier (Coulter Electronics. Hialeah, FL) as previously de- 
scribed." Positivity for each fluorochroiDe was defined as llwores- 
cence greater than 99% of that of the controls. This staining 
protocol allows for the separaiioa of CD34* HLA-DR", CD34* 
HLA-DR*. CD34- HLA-DR*. and CDM" HLA-DR" ceils from 
within the Fr 12-14 BM cclb. In these experiments, CD34* 
HLA-DR" cells were collected separately (CD34' HLA-DR" 
celb) wbfle the remaininj three pheootypes were coDected to- 
gether to constitute what will be referred to in thb report as 
complementary cells. Cell viabttity alter sorting was greater than 
98%. Separation of CD45* and CD45- chimeric BM cells was 
achieved by labeling low density chhneric BM cells obtained by 
separation over Fioon/Hypaqoe wiih FTTX^oonjugaled CD45 and 
then isolating CD45* and CD45- celb by ceO sorting as described 
above. Phe<K>iyptc analysis of chimeric and control low-density 
sheep BM and PB cells and cultured T ceDs was performed on a 
FACScan (Becton Dickinson Immunocytometry Systems, San 
Jose. CA) using directly conjugated monocioDal antibodies (Mo- 
Abs). All MoAbs were obtained from Becton Diddnsoa Immuno- 
cytometry Systems. 

In mm transplantation. BM graft cells were injected into seven 
42- to 48-day-old sheep fetuses intraperitooeafly through a 22- 
gauge needle as previously described.' Briefly, the uterus of 
pregnant ewes was accessed through a midline Upvotonry incisioo. 
A transverse incision was then made through the myometrium and 
chorion. The BM graft was injected intraperitoneal^ into the fetus 
after manipulating it into an amniotic bubble. The myometrium 
was then closed in a double layer and the pregnancy allowed to 
proceed to term except in two fentses that were killed m ntero 30 
days later. 

Hematopoietic progenitor cell estays. CeDs asuyed for the gener- 
ation of hematopoietic cokmics were obtained from the BM of a 
control sheep, the human donor of the graft, and the chimeric 
sheep (sheep 4038) as well as CD45* and CD45- BM celts from 
sheep 4038 isolated by flow cytometric sorting. Also, a mixture of 
95% control sheep and 5% normal human BM cells was prepared 
and assayed for hematopoietic progenitor ceDs. Progenitor cell 
assays were performed as previously described.' Briefly, celb at 
various concentrations were suspended in 35-«nm plastic tissue 
culture dishes containing 1 mL of 30% fetal bovine serum (FBS), 
5 X 10"' mol/L 2-mercaptoethanol, 1.1% methyloellulose in 
Is«>ve*s Modified Duibecoo's Medium, and either 1 U homan 
purified erythropoietin (Epo; 50 IJ/mg proteia; Toyobo Co Ud, 
Osaka. Japan) or 1 ng interleukm-3 OL-3) ph» I ng granukxyte- 
macrophage oolooy-stimulating bctor (GM-CSF). IL-3 and GM- 
CSF were obtained from Gcniyme Corp (BoMon, MA). The 
cultures were incubated at 37*C ia a 100% humidiScd atmotpbere 
of 5% CO, in air. Erythropoietic cotenies (CFU-E) were enumer- 
ated after 6 days, whereas eiythropoietjc borstt (BFU-E) were 
counted after 9 and 14 days of incuhatioa. Graaukxyte-macio- 
phage oolotties (CFU-GM) were enumerated after 9 and 14 days 
using standard criteria for their identifkaiion.* The reported data 
reflect the number of cokmies per S x 10* plated ceOs and 
represent the mean ± SE of assays performed in duplicate. 

Ka,yot)/pic anafysis. To analyse peripheral Mood (PB), BM. or 
cultured celb cytogenetically. the available number of celb was 
treated in two different wayv Fresh ceOs were first cultured in 10 
mL RPMl 1640 + 20% FBS, stimulated with 0. 1 2 jig phytobemag- 
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ghitinin (PHA-HA15; WeOcome Diagnostics, Research Triangle 
Park. NQ. and maintained for 72 hours in 5% CO, at 3TC. then 
treated with colcemid as described bekm. Celts obtained from 
hematopoietic colonies or from cultured T celb were directly 
treated after harvesting with colcemid. Cokemid was added at 0. 18 
Hg/mL for 35 minutes. The cells were then treated with 0.075 
mol/L KQ hypotonic solution for 15 minutes and fixed in 3:1 
raethanol:acetic acid. Cells were dropped onto cold wet slides and 
GTC banded. 

PtvpagationofTfytnphocytesinviiro. Prop^tion of T lympho- 
cytes from sorted chimeric CD45* and CD45- BM celb was 
performed as previously described." Briefly, rouod-bottomed 96- 
weU plates were seeded with 10* irradiated (5,000 rad) celb <rf the 
Epstein Ban virus (EBV)-transf6niied B-cen line JY suspended in 
RPMI 1640 containing 10% FBS, 5 x lO*' aio(/L 2-mercaptoetba- 
aoL t% final concentration PHA-HAIS (WeOoofiie Diagnostics), 
and 5% vol/vol final concentration of T-ccU growth factor (TCGF; 
Cellular Products. Buffak*, NY). Respooder ceOs (CD45* or 
CD45- chimeric BM celb) were added at 50 celb per well. The 
plates were incubated at 37X: in a 100% humidified atmosphere of 
5% CO, in air for 14 days and were fed with 10 j»J./wen of TCGF 
on day 7. WeUs seeded with either CD45* or CD45" BM celb that 
contained colonies were harvested, pooled, and the celb stained 
tor flow cytometric inununofluoresoeix3e analysn as described 
above. 

Variable /lumber tandem repeat ptjfymorphim analysis. DNA 
was isolated from BM celb from the chimeric sheep at 3 months 
after birth, BM ceOs of a control sheep, and the donor of the 
human BM graft according to pubHshed methods." DNA was 
digested by Hoe III and electrophoresed on a 1 % agarose gel. The 
gel was then dried and probed directly" with radiolabcled p YNH24 
(courtesy of Dr Y. Nakamura, University of Utah) and MS31 
(CeDmark Diagnostics, Cermastown, MD) using a random primed 
DNA labeling kit (Bochringer Mannheim, lodianapoU*. IN). 

RESULTS 

A total of seven sheep fetuses with gestational ages of 
between 42 and 48 days were transplanted in utcro with 
fractions of adult human BM cells.' Tabic I summarizes th 
outcome of these transplants. Two animals (4035 and 4036) 
received 2 x l(f CD34* HLA-DR" cells and lO* irradiated 
(5,200 rad) complementary cells (see Matcnals and Meth- 
ods). The complementary cells were injected with the 
CD34* HLA-DR- cells to act as "carrier" cells tliat would 
facilitate the homing of unaltered CD34* HLA-DR" cells 
to the liver or BM. The remaining five animals received 
unaltered celb from one fraction of cells only or a combina- 
tion of cells from both fractions. The first test of whether 
engraftment had been accomplished was conducted approx- 
imately 30 days posttransplantation in two animals killed in 
utcro. By kaiyotypic analysis of more than 200 BM cells, it 
was determined that 3.8% of total BM cells in sheep 4035 at 
1 month after receiving the graft were trf human origin 
(Table 2). Similarly, fetus 4033, which was transplanted 
with 2 X 10* CD34* HLA-DR" cells without complemei*- 
tary cells, was found to be a chimera 1 month posttransplan- 
tation with 15% of the BM cells being of human origin. It 
was thus calculat d that a single femur from sheep 4035 
contained 6.5 x 10* human cells, while that of sheep 4033 
contained 3.6 x lO* human cells. These numbers of human 
ceUs detect d in a single femur from each fetus represent 
32- and IS-fold inaeases over the number of viable human 
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BM txUs originalty tnnsptanted into fetuses 4035 and 4033, 
respectively. We have no way of estiinating the totaJ 
numbet of human cells ia the whole animal Our estimates 
of 32- and 18-foid expansioa of human ceQs are at best a 
gross underestimate because we have quantitated the 
number of cells in a sin^ femtu only. BM cells from these 
fetuses were also assayed for their potential to give rise to 
human hematopoietic coknies (sec below for details). 
When cytogenetic analysis of cells from 14-day-old CFU- 
GM-derived colom'es was performed, only human karyo- 
types were detected, indicating the presence of human 
myeloid progenitor cells in the BM of the two fetuses. 

While two additional animab died in utero. a total of 
three lambs were bom and were therefore availabie for 
further examination. Karyotypic analysis of PB and BM 
samples &om two of the three lambs bom at term (4034 and 
4036 in Table 1) did not show any evidence of eograftment. 
The third lamb (4038), bom alive at term, was found to have 
engrafted with human BM cells. A deUOed analysis of PB 
and BM samples from sheep 4038 was then conducted at 2 
and 3 months posiparturition (5 and 6 months posttransplan- 
tation). 

Fetus 4038 was transplanted at 46 days gestational age 
with a combination of 2 x 10* CD34* HLA-DR" and 1 x 
10* complementary (see Table 1) htmian aduft BM cells. At 
2 months after birth (5 months after engraftment), PB and 
BM samples bxjm sheep 4038 were obtained for anatyus. At 
can be seen in Fig 1, low-density BM cells from a control 
sheep were not reactive with any ot the mouse aotihuman 

TabiaZ. Karyetyple Analysia ol Cala Oartwwl Fren Hamatopolatk 
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cell surface marker MoAbs used. However, when BM cells 
from sheep 4038 were analyzed, it became evident that a 
fractioQ of its cells representing 6% of the low-density BM 
cells analyzed was reactive with the leukocyte common 
antigen CD45 that identifies a family of glycoproteins (180 
to 220 Kd) that are expressed on the surface of a variety of 
human hematopoietic cells." To further examine the nature 
of these human cells, lineagc-^wcific MoAbs were used. 
Htmian T lymphocytes expressing either CDS (1-1%) or 
CD4 (0.9%) were detected in the chimeric BM. Similarly. B 
lymphocytes (2% CD19* cells) and cells reactive with CD16 
and CD56, and therefore presumably htmian NK cells," 
were also identified. Although it was possible to detect the 
presence of cells expressing HLA-DR. we did not convinc- 
ingly detect CDM* cells flow cytometrically. It is quite 
conceivable, however, that because CD34* cells normally 
represent on the average 1% or less of total human BM 
cells,** such a small percentage of cells (0.06% when 
considering that only 6% of the chimeric BM cells arc 
human) would be difficult to detect. 

Cells expressing human cell surface markers were also 
apparent among the PB cells of sheep 4038 (Fig 2). The 
various cell lineages, however, were present in the PB at 
lower percentages than what was observed in BM. Of 
particular mterest is the fact that PB CD4* or CDS* T 
lymphocytes were present in numbers threefold to fivefold 
less than those found in BM. even though a total of 2.5% of 
PB cells expressed CD3. Chimeric PB also contained 
human natural killer (NK) cells, as evidenced by the 
detectwn of ceUs expressing CD16 and CD56, as weU as ■ 
small percentage (0.2%) of CD19 B lymphocytes. PB pclb 
from a control sheep were completely unreactfve with th 
MoAbs used in these assays. 

Although the use of this battery of mouse MoAbs 
recognizing human ceU surface antigens proved to be 
species qxcific, two altematw m thods to docimienl the 
presence of human cells in the PB and BM of sheep 4038 
were used to confirm th sustained engraftment. First, 
cytogenetic analysis was implemented to examine the kary- 
otypes of cells present in the PB of sheep 4038 at 5 months 
after engraftroenL Figure 3 shows two cells spotted io the 
same field, one being of sheep origin aitd the other 
displaying a full complement of htmian chromosomes. 
Among 87 total cells examined from this preparation, 12 
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analysis arc shown in Fig 4. As can be seen, the variable 
Dumbei tandem repeal pattern of DNA isolated frcMn th 
BM of sheep 4038 was completely homologous to that of 
donor derived DNA. These data served as unequivocal 
proof of the persistence of chimerism in this sheep at 6 
months posttransplanution. 

The first assay of whether proliferation of human hemato- 
poietic progenitor cells in chimeric BM had occurred was 
aimed at detecting human hemoglobin in sheep 403*. Using 
the different electrophoretic mobilities of human and sheep 
hemoj^obins in a variety of gel matrices, we were unable to 
detect the presence of human hemoglobin in the peripheral 
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oeUs had a human karyotype (Table 2). In the second assay, 
we compared the pattern obtained in a variable number 
tandem repeat analysis of donor-derived BM DNA with 
that obtained from DNA isolated from BM cells from sheep 
403« 6 months after engraftment. The results of this 
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blood of the chimcTic sbeep. We next proceeded to examioe 
-whether the human ccQs detected in the BM of sbeep 4038 
contained human hematopoietic progeaitor cells capable of 
generatiag hematopoietic colonies in vitro. For these stud- 
ies, we to«A advantage of the kinetics of appearance in vitro 
of sheep and human hematopoietic colonies. The colony 
fonnatioD data generated froni plating chimeric BM cells 
from she^ 4038 at 5 mondu after eograftment are shown 
in Table 3. In the presence of recombinant human Epo, 
CFU-E- and BUF-Er<lerived colonics present in the BM of 
a control sbeep appeared on days 6 and 9 of culture, 
respectively. These colonies, however, degenerated by day 
14. Similarly, when cultured in the presence of human 
recombinant IL-3 and GM-CSF, few sheep CFU-GM- 
derived colonies appeared by day 9. When chimeric BM 
cells were cultured under the same conditions, about 
10-fbId and sixfold more BFU-Er- and CFU-GM-dcrivcd 
colonies, respectively, were present on day 14 as compared 
with the number of colonies present on day 14 in cultures of 
control sheep BM cells. The presence of BFU-E-derivcd 
colonies with human BFU-E growth kinetic characteristics 
sug^stt that human etythropoiesis was established in this 
animal, albeit not to a sufficient level to allow detection of 
human hemoglobin in the PB of this animaL On day 14, 
cells from OTJ-GM-derived agonies in cultures initiated 
with chimeric BM cells wcr plucked, washed, and pre- 
pared for karyotypic analysis. Although the karyotype of 
oidy a few cells could be positively identified, all of these 
cells were <rf human origin (Table 2). 

We wished to further confirm that, indeed, human 
progenitor cells were present in the chimeric BM of sbeep 
4038. T reach this objective, flow cytometric cell sorting 
was used. From 2.5 x \(f chimeric BM cells stained with 
CD45, two fractions of cells were collected: a fraction 
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enriched for cells expressing CD45 (4.8 x 10* ceUs recov- 
ered) and a second fraction consisting of CD45 ' ( > 3 x 10* 
cells recovered) BM cells. Both sorted fractions of CD45* 
and CD45" BM cells were cultured in semi-solid medium in 
the presence of human recombinant lL-3 and GM-CSF.^ 
CD4S* cells gave rise to 40 granulocyte-macrophage colo- 
nies after 14 days in culture (Table 3), whereas CD45- celb 
gave rise to only three such colonies. Once again, karyotypic 
analysis of cells plucked from CFU-GM colonies assayed 
from CD4S* cells only showed cells with human chromo- 
somes (Tabic 2). 

Another yardstick by which the success of BM transplan- 
tation is measured is the capacity of the graft to establish 
and maintain a functional lymphoid system within the host 
Flow cytometric analysis of BM and PB cells from sheep 
4038 at 5 months posttransplantation indicated the pres- 
ence of cells expressing CD 19. To investigate whether these 
cells were functional or not, serum from sheep 4038 at 2 
months after birth was tested for the presence of human 
fp. No human Ig isotype was detected. To examine 
whether the human BM graft produced hinctional T 
lymphocytes in the chimeric animal, BM cells from abeep 
4038 at 2 ntonths after birth were tested for their mitogenic 
response in vitro. Sorted CX>45* and CD45- chimeric BM 
cells were cultured for 14 days in the presence of IL-2 and 
phytohemagglutinin (PHA) over a feeder layer of irradi- 
ated EBV-transformcd B cells." Cells from the developing 
T-lymphocyte colonies were collected 14 days later and 
their phenotype was determin d flow cytometrically. Figure 
5 depicts the results f the analysts of cells collected from 
T-lymphocyt colonies generated from CD45* and CP45" 
fractioiis of chimeric BM. Colonies that dev |oped from 
CD45' T cells contained celU that failed to react with any of 
the human T-cell-specific MoAbs as well as with CD45 and 
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ments of parabiosis in chicken embryos and Biliingharo et 
al" to tolerize CBA mice in utero with A strain cells and 
then ptvxxcd to show that this acquired tolerance in CBA 
mice inhibited them from immunologically rejecting a skin 
graft from A mice. These classical experiments and several 
that foUowed°^ provided evidence that, early in gcsuiion. 
the developing fetus is particularly tolerant to foreign 
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HLA-DR. On the other hand, CD45* BM cells gave rise to 
colonies containing cells greater than 98% of which were 
CX)45* and CD3*. In addition. 89.4% of these cells were 
positive for the expression of CD7, while 57.0% were CDS* 
and 30.8% CD4*. As expected, most of the cells being 
activated with PHA and 11^2 expressed HLA-DR. Kaiyo- 
typic analysis of T lymphocyte* collected firom colonies 
generated by CD45' chimeric BM cells once again showed 
a fuU complement of human chromosomes while no sheep 
karyotypes were detected (Table 2). 

DISCUSSION 

The rationale behind the experim nts reported here was 
provided by leweral previ us observatioos."*" In 1945. 
Owen" described that vascular anastomoses between the 
placentas of bovine dizygotic twins allowed for the long- 
term retention of red Wood ceUs of dizygotic origin in both 
twins. This observation led Hatek" to conduct his xperi- 



inagens. 

In humans, fetal thymic cells are capable of responding to 
mitogens by 12 weeks of gestation,' whereas Ig synthesis in 
the ^Icen usually does not occur until 8 weeks later." 
Before the 12th week of gestation, the human fetus is 
believed to be immunologically incompetent. A similar 
situation exists in fetal sheep, whidi have been document d 
to be preimmune until 67 days of gestation." The immunoin- 
competencc of the mammalian fetus during early gestation 
makes the fetus potentially capable of being a perfect 
recipient of BM grafts of HLA-nonidenUcal doiiors. We 
took advantage of the possible readiness of sheep fetuses to 
accept xenogeneic HSC grafts and uansplanted them in 
utero with subpopulations of human marrow cells to det r- 
mine if these frartions contain human stem cells. Several 
groups,' including ours.*"' have immunologically identified a 
phcnotype of human BM cells expressing CD34 but not 
HLA-DR {CD34* HLA-DR') tiiat contains the cells capa- 
ble of initiating in vitro long-term BM cultures, the primi- 
tive HPP-CFC. BFU-MK, and the CFU-Bl. CD34* HLA- 
DR' BM cells, which represent 0.08% to 0.45% of total 
nucleated BM cells," constitute a fraction of adult BM cells 
enriched for primitive hematopoietic precursor cells." This 
characteristic of CD34* HLA-DR" cells was demonstrated 
by their ability to initiate and sustain chimeric human 
hemaiopoiesis in three animals (4033, 4035, and 4038. 
Table 1). The fact that we detected in two animals (4033 
and 4035) transplanted with viable CD34* HLA-DR' cells 
only at least an 18-fold increase in the number of human 
cells used as a graft and thai hematopoietic colonics 
containing cells with a human karyotype were generated 
from their chimeric BM cells indicate that proliferation of 
and most likely engraftment with human CD34" HLA-DR 
celts had occurred in both fetuses. Because the only viable 
cells that these animals received were CD34* HLA-DR'. 
these studies suggest that BM cells bearing this phenotype 
are capable of sustaining hematologic rcconstitution in 
vivo. It is important to emphasize that it is also possible that 
the in vitro colony growth observed in the chimeric BM of 
these two animals may have resulted from a transient 
expansion of committed progenitor cells contained within 
the CD34* HLA-DR* firaction of BM cells. Howtwer, the 
magnitude of increase in the number of human cells 
detected in these two animals had most likely resulted not 

nly from the proliferation of committed progenitor cells, 
but also from the expansion of a group of cells capable of 
self-renewal. 

In addition to the two fetuses in which engraftment was 
documented 30 days posttransplantation, on of the three 
sheep bom alive (4038) was also a chimera, bringing the 
total number of sheep that had engrafted to three of sev n 
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transplanted animals. The fact that sheep 4038 received, in 
addition to the 2 x 10* CD34* HLA-DR" ceHs. 1 x lO* 
cxMnplemeataiy ccUs raises the issue that the complemen- 
tary cells could have played an essential role in establishing 
the initial human hematopoiesis observed in this animal. 
Complementary cells, which in theory constitute the Fr 
12-14 BM cells minus CD34* HLA-DR* ccUs (and there- 
fore include CD34* HLA-DR* cells), constitute an en- 
riched source of committed hematopoietic progenitor cells" 



with limited self-renewal capacity. It is therefore conceiv- 
able to attribute the first wave of hematopoietic reconstitu- 
tion after BM transplantation to the complemenUty cells 
and to even assume that some of these cells contributed to 
the maintenance of sustained human hematopoiesis in this 
animal. The reasons for the inability to establish chira risra 
in the other two lambs bom alive are unknown but are lik ly 
due to the low number of viable cells used as the hematopoi- 
etic graft. 
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In (he present study, a relatively small number of cells 
constituting the BM graft in these animals was sufficient to 
establish human hematopoiesis. Recent in utero BM trans- 
planu in the rhesus monkey' have used at least 9 x 1(/ and 
as many as 7 x 10^ allogeneic fetal liver cells per fetus lo 
achieve chimerism. Similar numbers of cells have been used 
in fetal sheep.'' It is important, however, to point out that 
in these studies a higher degree of chimerism was attained 
in the surviving animals than what was observed in sheep 
4038. The effective achievement of chimerism in our ani- 
mals despite the low cell number in the graft is most likely 
due to the use of BM fractions enriched for hematopoietic 
progenitor cells at various stages of lineage commitment.^ 
rather than unfractionated eel] preparations. In the murine 
system, especially in studies using the SCID mouse, much 
higher numbers of human liver ccOs had to t>e used as a 
graft and only a transient wave of human T lymphocytes in 
the PB was detected." In studies using 10' human fetal liver 
cells injected into SCID mice with a fetal human thymic 
implant, McCune et al" were only capable of detecting 
human T lymphocytes in the PB of these animals for up to 
49 days posttransplantadon. In these studies, only mice 
engrafted with human fetal liver cells, human fetal lymph 
node, and human fetal thymus were capable of producing 
human IgG. Kamel-Reid and Dkk* infused bgfnu/xid mice 
with 5 X 10^ to 5 X 10^ adult human BM cells and were 
capable of detecting human macrophage progenitor cells in 
BM and spleen cetk of the recipient mice. Ahhough 
engraftment was detected in this system 5 weeks after the 
infusion of human BM cells, only slight^ irradiated bg/nuf 
xid mice accepted the human graft and the level of 
chimerism was approximately 03% to 3% in the spleen and 
BM. Considering several factors that can negatively influ- 
ence the degree of chimerism achieved in our model, such 
as the number of cells constituting the graft, the time at 
which chimerism was assessed after transplantation, and 
the fact that the graft was obtained from adult human BM. 
makes the degree of chimerism reported in this study 
consistent with what has been previously reported in other 
models.''-" In addition, the duration of persistence of 
chimerism m sheep 4038 is equal to or longer than what has 
been reported in other xenogeneic BM transplantation 
models. 

The experiments described in this report indicate that in 
our model functional human hematopoiesis was evident for 
over 190 days posttransplantation. Similarly, human T 
lymphocytes displaying a normal array of cell surface 
markers could be recovered in this model after in vitro 
mitogen stimulation of chimeric BM cells. In view of the 
fact that it has been previously shown that the peripheral 
T-ceO pool is normally maintained at homeostatic levels by 
posttfaymic expansion,'^' it becomes uiKlear from the 
present studies whether any of the recovered human T cells 
had underg ne a prtx:ess of intrathytmc education and 
maturation or not. 

However, no human IgG was detected in sheep 4038. 
This observation may be due to the tknn rcconstitution of B 
cells and cooperative functions of T and B cells after BM 



transplantation in humans." It is possible that the absence 
of human thymic or lymph node tissues in the chimeric 
animal lead to a breakdown in the antigen presenting 
cclls/T-hel[3er function/peripheral lymphoid organ net- 
work necessary for the generation of plasma cells and Ig 
production. 

An exciting finding in our present studies is the absence 
of any clinically apparent OVHD in the chimeric animals 
after a period of observation ranging from 27 to 190 days 
after transplantation with xenogeneic grafts from an immu- 
nologically competent adult donor. Previously, HSC bom 
preimmune fetuses have been shown to be capable of 
proliferating in a "non-self' environment without nKMmting 
a GVH reaction,'-' whereas grafu of allogeneic adult sheep 
BM cells induced fatal CVHO.""' In the present report, 
fractions of human adult marrow are now shown to also be 
capable of serving as non-GVHD provoking grafts in 
preimmuae fetuses in utero. It is important to emphasize 
that Fr 12-14 BM cells contain in general no more than 2% 
to 3% of detectable T-lymphoid elements as determined by 
flow cytometric analysis (Srour E.F.. unpublished observa- 
tions). It has been shown that T-cell-depleted adult alloge- 
neic BM grafts failed to cause OVHD when transplanted 
into fetal sheep in utero.^ However, it is diffioilt to 
reooodle the absence of OVHD in sheep 4038 and the 
possibility that the recovered human T ceils from chimeric 
BM and PB had resulted from postthymic expansion of 
infused mature human T cells. Therefore, the absence of 
GVHD ih sheep 4038 favors the hypothesis that it is 
possible that at least partial intrathymic education and 
maturation of human T-lymphocytc progenitor cells had 
taken place. It b also possible that the absence of GVHD 
might be due to the lack of development of human 
antigen-presenting cells that have been shovim to be essen- 
tial for the development of a human antimouse xenogeneic 
cytotoxic response" or to Ihe fact that a xenogeneic immune 
response is, in general, weaker than an allogeneic response, 
as previously reported." 

The preliminary results gleaned from these experiments 
suggest that the model described in this report may prove 
usehil in assessing the ability of various human BM subpop- 
uiations of sustaining long-term in vivo hematopoiesis. 
These studies also raise the possibUity of using cell popula- 
tions from adult human marrow and across HLA barriers 
for in utero marrow grafts to correct a variety of congenital 
metabolic and/or hematologic abnormalities. Successful 
corrcctioos of congenital anomaUes have already been 
accomplished in mice* and humans" using fetal liver HSC 
for in utero transplantation. The ability to use adult marrow 
cells for in utero transplantation will surely enhance the 
feasibility of this potentially useful treatment modality. 
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